Abstract: Evergreen broadleaved forests in subtropical China contain a complicated structure of diverse species. The impact of topographic and soil factors on the assembly of woody species in the forest has been poorly understood. We used Ripley's K(t) function to analyze the spatial patterns and associations of dominant species and residual analysis (RDA) to quantify the contribution of topography and soil to species assembly. The 1 ha plot investigated had 4797 stems with a diameter at breast height (dbh) larger than 1 cm that belong to 73 species, 55 genera, and 38 families. All stems of the entire forest and four late successional species exhibited a reversed J shape for dbh distribution, while two early successional species showed a unimodal shape. Aggregation was the major spatial pattern for entire forests and dominant species across vertical layers. Spatial associations between inter-and intra-species were mostly independent. Topographic and soil factors explained 28.1% of species assembly. The forest was close to late succession and showed the characteristics of diverse woody species, high regeneration capacity, and aggregated spatial patterns. Topographic and soil factors affected species assembly, but together they could only explain a small part of total variance.
Introduction
Floristic composition, structure, and spatial patterns are the fundamental characteristics that reflect species assembly in forests. Species assembly in a forest result from stand development processes [1, 2] that are driven by immigration through various means of propagule dispersal [3] and extinction; these are due to species response to environmental conditions [4] and biotic interactions, such as competition, herbivores, and predation [5] . Understanding the underlying processes of species assembly in a forest could provide useful information for predicting stand dynamics and for forest management and biodiversity conservation. In general, two approaches may be followed to analyze the processes that affect species assembly. One is a dynamic approach where the factors affecting changes in species richness are investigated using data collected from the forests at different successional stages [1] . Another is a statistical approach where the factors are inferred from the existing stand structure and spatial pattern using the data collected in a plot [6] . For example, spatial patterns (aggregation, random, and regular) are usually used to interpret species assembly and coexistence [7, 8] . It is assumed that aggregation spatial patterns are a common phenomenon for conspecific trees in order to reduce competitive exclusion and promote a more diverse coexistence of species [9] . Many factors, including functional traits (e.g., growth form, shade tolerance, and dispersal modes), life history strategy [10] , regeneration strategy [11] , disturbances [12] , and habitat heterogeneity [13] , lead to aggregated distribution.
Some evidence has indicated that habitat heterogeneity plays an important role in regulating the distribution of species [14] . Previous studies reported that species distribution was correlated with variations in topography or soil in tropical [15] , subtropical [16] [17] [18] , and temperate forests [19] . However, habitat associations of the majority of species were inconsistent with life stages or vertical layers in tropical and temperate forests [20, 21] . Topography and soil variables significantly affected species assembly in China's subtropics [16, 17] , but their relative contribution to entire stands and dominant species among vertical layers is poorly understood.
Evergreen broadleaved forests in subtropical areas of China are climax vegetation with diverse species, high stability, and productivity [22] . The favorable climate results in diverse evergreen broadleaved forests [12] . However, primary evergreen broadleaved forests had almost disappeared until now and their total area was less than 5% of the original area as a result of clearance for plantations and the conversion into secondary vegetation, due to sustained human disturbance and a timber-centric forestry policy over past decades [23] . Recently, China has changed its forestry policy from timber production to ecosystem services [24] . Close-to-nature forest management occurred just as a practical approach to over exploitation and degradation in fragile mountain landscapes. The general aim of close-to-nature management was to formulate diversely structured and uneven-aged forests on a finer scale [25] . For Chinese subtropical areas, remnants of those surviving original evergreen broadleaved forests are considered as templates of sustainable management for natural forest development. Although numerous studies related to species diversity and coexistence have been conducted in old-growth forests at remote mountain locations [26, 27] , information remains limited on floristic composition, stand structure, and spatial pattern, as well as on the driving mechanisms of species assembly in subtropical areas of China.
In this study, floristic composition, structure, and spatial patterns were examined to infer the driving processes and to determine the relative contribution of topographic and soil variables to species assembly in an evergreen broadleaved forest primarily dominated by Lithocarpus glaber (Thunb.) Nakai and Cyclobalanopsis glauca (Thunb.) Oerst. The specific objectives of this study were to investigate: (1) characteristics of species composition, and the horizontal and vertical structure of subtropical broadleaved forest; (2) spatial distribution patterns and associations of intraspecific and interspecific species; and (3) how topographic and soil variables affect species abundance and spatial distributions.
Materials and Methods

Site Description
The study site was located at the Dashanchong Forest Farm (28°23′58″-28°24′58″ N, 113°17′46″-113°19′8″ E), Changsha County, Hunan Province, China (Figure 1 ). This region is typical of a low hilly landscape with an altitude ranging from 55 to 217.4 m above sea level. It lies within a humid mid-subtropical monsoon climate. Annual mean air temperature ranges from 16.6 to 17.6 °C, with a mean monthly minimum temperature of −11 °C in January and maximum temperature of 40 °C in July. Mean annual precipitation is 1412-1559 mm, occurring mostly between April and August. Soil type is designated as well-drained clay loam red soil developed on slate and shale rock, classified as Alliti-Udic Ferrosols. Most forest types are secondary forests at different successional stages following anthropogenic disturbances, such as plantations. Firewood collection has been prohibited since the late 1970s. L. glaber-C. glauca forest is the common well-preserved evergreen broadleaved forest in the area [28] . 
Plot Installation and Investigation
A permanent 1 ha plot (100 m × 100 m horizontal distance) was established in 2009. The plot was divided into one hundred 10 m × 10 m subplots for the conduction of a census. All stems larger than 1 cm in diameter at breast height (1.3 m; dbh) were tagged and then accurately mapped to 0.1 m to establish the horizontal position and species identification. Stems originating from the same base were mapped individually when the main stem bifurcated below 1.3 m. Stems whose roots were outside the plot but whose crowns were within the plot boundary were recorded to reduce potential bias introduced by edge effects [29] . For each stem, coordinates (X and Y), dbh, total height (H), height between the lowest live branch and the ground surface (Hl), and two direction crown diameter (Cw) were measured [23] .
Topographic and Soil Data Collection
For each 10 m × 10 m subplot, four topographic variables (mean altitude, slope, convexity, and aspect) were calculated. Mean altitude (m) was the average value of altitudes of the four corners of each subplot. Slope (°) was the mean angular deviation from the horizon of each of the four triangular planes determined by connecting three of its corners [14] . Convexity was determined by subtracting the altitude at the quadrat center from the mean altitude of the eight surrounding subplots. For edge subplots, convexity was the altitude of the subplot minus the mean altitude of surrounding subplots. Aspect in degrees from north was calculated using the following formula: Aspect = 180 -arctan (fy/fx) × (180/3.14) + 90 × (fx/abs (fx))
where fx and fy are the changes in altitude from east to west and from north to south, respectively [30] . At the central point of each 10 m × 10 m subplot, soil samples for the depths of 0-10 cm, 10-20 cm and 20-30 cm were collected using soil corer (10 cm high with an inner diameter of 5 cm). When tree stump or rock occurred at the center of a subplot, a slight off-center point was selected for soil sampling and its position coordinate was recorded. In total, 300 soil samples were collected and transported to laboratory for the measurements of soil moisture, pH value, and concentrations of total carbon (TC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), and available phosphorus (AP). All soil samples were sieved for further analysis using a 2 mm screen in which gravel and coarse organic matter were discarded. To determine soil moisture, a portion of the soil sample was oven-dried at 105 °C. Using air-dried soil sample, milled and sieved through a 0.25 mm mesh. The soil pH values was measured by the electric potential method with a 1:2 soil:H2O (distilled) suspension. TC is referred as soil organic C that were determined by applying the wet combustion method by oxidization of potassium bi-chromate and by using the factor of 0.56 for converting soil organic matter to C. TN were measured by using the Semimicro-Kjeldahl method digested with KCl solution. Following digestion with a mixture of HNO3 and HCl (1:3), TP was determined using the molybdenum colorimetric method and TK was measured using atomic absorption spectrophotometry. A portion of each soil sample was air-dried and then manually milled and sieved to pass through a 0.5 mm mesh for AP measurement, using an acid-extracted molybdenum colorimetric method with a digestion of HCl-NH4F (Bray-1 method) [31] . For all subplots, each soil variable was the average of three depths of soil samples.
Data Analysis
Stand Characteristics
Density, average dbh, average H, frequency (F), and base area at breast height (BA) were calculated for each species and the stand. Relative importance values (RIV) for each species within the stand were measured as the average of relative density, relative F, and relative BA, standardized on a percentage basis [32] . To investigate the role of saplings in structuring stand assembly, we divided the plot data into two datasets (stems with a dbh ≥ 1 cm and stems with a dbh ≥ 4 cm). Stems with a dbh between 1 and 4 cm were primarily comprised of juvenile saplings and shrub species. All indices mentioned above were calculated for the two datasets. To generate size-frequency distributions, stems with a dbh ≥ 4 cm for the stand and six dominant species in terms of the top highest RIV, were grouped into 2 cm size classes of dbh; all individuals with a dbh < 4 cm were set as one class.
Spatial Patterns and Associations
To determine spatial patterns for entire stands and dominant species among vertical layers and to ascertain inter-and intra-associations of dominant species, all common species (dbh ≥ 1 cm) were divided into three layers: understory (U; H < 5 m), midstory (M; 5 m ≥ H < 10 m), and overstory (O; H ≥ 10 m).
Visual maps and Ripley's K(t) function [33] were used to evaluate spatial patterns. For the univariate spatial pattern of each species or group (i.e., dominant species, whole stand in each layer), the Ripley's K(t) function [33] was calculated as follows:
where A is the plot area (m 2 ); n is the number of plants measured for the plot; uij is the distance (m) between the ith subject plant and the jth plant; t is the radius of the circular plot; counter It (uij) equal to 1 if uij ≤ t or 0 otherwise (uij > t); and Wij is the edge correction coefficient using the following expression [34] :
where Wij is the correction factor for the ith border plant and its jth neighbor plant; e1 and e2 are the distances to the two closer borders from the ith plant; and cos −1 refers to the inverse cosine function.
To facilitate the interpretation of the resulting Ripley's K(t) function, a slightly modified expression was proposed by Ripley (1979) [35] :
The estimator Ĥ(t) stabilizes the variance and provides an expected value equal to 0 for a Poisson (random) spatial distribution [35] . Ĥ(t) > 0 indicates spatial aggregation and Ĥ(t) < 0 indicates regular distribution.
The bivariate version of Ripley's K(t) function was used to investigate spatial associations between the six dominant species (i.e., interspecific association between dominant species and intraspecific association between understory and overstory layers) and was calculated as:
where n1 and n2 are the stems of two species or layers, respectively, and uij is the distance (m) between the ith subject stem of species or layer 1 and the jth stem of species or layer 2. By the use of a similar argument as before, the transformation of K12 (t) is as follows:
The Monte-Carlo method was used to test the statistical significance of deviations of Ĥ(t) or Ĥ12(t) from zero under the null hypothesis of complete spatial randomness (CSR) [36] . Confidence intervals (95%) were generated using high and low values of Ĥ(t) or Ĥ12(t) obtained from 999 random permutation simulations. Values of Ĥ(t) or Ĥ12(t) within the confidence intervals indicated random distribution and absence of interaction between species or layer 1 and 2. Values of Ĥ(t) or Ĥ12(t) above (or below) the upper (or lower) confidence intervals indicated that species significantly aggregated (or were uniform) and species or layer 1 and 2 tended to be positively (or negatively) correlated at scale t [37] . Spatial point patterns were analyzed by using the "Spatstat" package [38] in R 2.15.0 software [39] .
Topography and Soil Contribution
Residual analysis (RDA) was used to assess the relative contribution of topographic and soil variables to species distributions for all species (dbh ≥ 1 cm) and the six dominant species across vertical layers. This study attempted to separate species compositional variation into fractions explained by pure soil, pure topography, and the joint effects of topography and soil. RDA significance was tested by the Monte-Carlo method at a 95% confidence level with 999 random permutations. The pure topography, pure soil, and soil structured topographic fractions of the total explained variation in species distribution and were calculated by these adjusted R 2 values [30] , because this is the only unbiased method [40] .
The RDA, variation partitioning, and tests of significance of the fractions were computed using the "Vegan" package [41] in R 2.15.0 software [39] .
Results
Stand Characteristics
When the individuals with a dbh ≥ 1 cm were counted, the 1 ha forest investigated contained 4797 stems, which belonged to 73 species, 55 genera, and 38 families. For stems with a dbh ≥ 4 cm, stand density was 1831 stems ha − A reversed J shape for dbh distribution was found for all stems of the stand, where saplings (dbh < 4 cm) amounted to 2966 stems and accounted for 62.0% of total stems (Figure 2a) . Dominant evergreen broadleaved woody species at a late succession stage (L. glaber and C. glauca showed reverse J-shaped distributions (Figure 2b,c,e) , while early successional species (P. massoniana and C. axillaris) exhibited unimodal dbh distribution. The shrub species C. japonica had an L-shaped distribution (Figure 2f) . L. glaber, C. glauca, C. lanceolata, and C. japonica had a large number of saplings (Figure 2b ,c,e,f), however P. massoniana and C. axillaris lacked saplings in the understory layer (Figure 2d-e) . Distribution of diameter at breast height (dbh) size classes (at 2 cm intervals) for all woody species (a); two broadleaved evergreen tree species (L. glaber (b) and C. glauca (c)); a deciduous tree species (d); two coniferous tree species (e) and an evergreen shrub species (f).
Based on the total height of all stems, 62.4% of stems from 66 species were in the understory, while 13.1% of stems from 25 species were in the overstory of the forest. A similar vertical pattern was observed for dominant species, with the exception of P. massoniana and C. axillaris (Table 3) . 
Spatial Patterns
Significant aggregation was observed for the stems (dbh ≥ 1) of 62 common species (excluding 11 rare species) in the whole stand or each layer across a 25 m distance (Figure 3) . The aggregation intensity varied across vertical layers, with a higher degree of aggregation in the midstory layer and a lower degree in the overstory layer (Figure 3a) .
Six dominant species also showed aggregated spatial patterns over the whole and different spatial scales, except the overstory of C. lanceolata, which showed random patterns at distances between 0 and 1 m (Figure 3b-g ). Obviously, the intensity tended to increase with the distance for the stems of entire stands and the dominant six species, although some changes were found for C. axillaris trees and some overstory trees (e.g., L. glaber or stand). 
Spatial Associations
The interspecies spatial associations were independent between the six dominant species across all scales ( Figure 4) . Within each species, only conifers showed an independent pattern of spatial association between overstory and understory individuals. For the broadleaved species, intraspecific associations between overstory and understory individuals were spatially independent at long distances, while positive interactions were detected at short distances between 0 and 1 m for L. glaber (Figure 5a ) and C. axillaris (Figure 5c ) and less than 0.2 m for C. japonica (Figure 5f ). For C. glauca, however, the relationships between overstory and understory individuals fluctuated and a significant attraction occurred at three distances, i.e., 0-1 m, 7-10 m and > 12 m (Figure 5b ). 
Contributions of Topographic and Soil Variables
At a stand level (Figure 6a) , at least 20% of spatial variation in different layers could be explained by topography and soil. Over 50% of the explained variation could be related to the joint effects of topography and soil except for in the overstory. The relative contribution of pure soil was less than pure topography in the understory and midstory layers, while the reverse was observed in the overstory layer. For the six dominant species (Figure 6b ), topographic and soil variables in total accounted for 29.9% of variation and the explanation power decreased from understory (27.0%) through midstory (21.6%) to overstory (18.1%). Meanwhile, topography contributed more than soil at each layer. Pure topography made the greatest contribution to the understory layer (10.3%), yet the explanation power of pure soil was the highest for the overstory layer. Figure 6 . Contribution of soil and topographic factors to variation in species abundance within the subtropical broadleaved forest plot on Dashanchong Forest Farm, China. "Pure soil", "pure topography", and "joint" represent the variation explained by pure soil, pure topography, or both topographic and soil variables together, respectively. C, CU, CM, and CO represent the whole stand, understory, midstory, and overstory of the forest, D, DU, DM, and DO represent all stems of dominant species and their corresponding layers.
Main Driving Variables Across Vertical Layers
Aspect, altitude, AP, and TK were the important factors in determining species assembly for the understory and midstory of entire stands and the six dominant species (Figure 7 ). TN and slope were the important factors for overstory individuals and dominant species (Figure 7d,h) . A significant correlation was found between soil and topographic factors. TK was positively correlated with convexity and altitude while AP was negatively correlated to aspect and positively to slope. For each dominant species, L. glaber was positively related to convexity, TK, and altitude. C. glauca was negatively related to aspect and positively related to AP and slope. C. japonica and C. lanceolata were positively correlated with aspect. However, C. axillaris and P. massoniana showed less correlation with the measured environmental factors because they were distributed closely at ordinate origin but overstory P. massoniana negatively related to TP (Figure 7h ). 
Discussion
Stand Characteristics and Regeneration
The 1 ha forest investigated in this study had 4797 stems (dbh ≥ 1cm) from 73 species of 55 genera and 38 families, which supports reports that subtropical evergreen broadleaved forest contained a high diversity of woody species [1, 6, 23] . Current floristic composition could yield some insights into the past successional process [37] . The presence of C. lanceolata as a dominant species indicated that the forest was developed on the site after clear-cutting of C. lanceolata plantation and the trees mainly originated from re-sprouting of some remaining stumps. Due to space and light availability at the early stage after harvest, the pioneer light-demanding species (e.g., coniferous species P. massoniana and deciduous species C. axillaris) invaded and became the dominant species in the forest. Canopy closure after a period of succession created favorable conditions for the immigration and recruitment of shade-tolerant species and then the evergreen broadleaved species L. glaber and C. glauca gradually came to dominate the forest.
Stand structure characteristics (i.e., dbh size distribution and vertical layer division) in the forests also reflect stand succession dynamics and regeneration capacity [42] . The reversed J-shape dbh distribution and distinct vertical layers in the forest of this study exhibited a typical feature of uneven-aged and multi-species forests [23, 37] . A large number of saplings (2996 individuals with dbh between 1 and 4 cm) indicated that the forest had a high regeneration capacity. As shade-tolerant and late successional species, L. glaber and C. glauca had about 45% saplings in the understory and exhibited the reversed J-shape dbh distribution. Thus, evergreen broadleaved species showed great regeneration capacity and would be able to maintain their dominance in the future forest. However, early successional and shade-intolerant species (P. massoniana and C. axillaris) had fewer saplings (0.4%) in the understory and showed a unimodal dbh distribution pattern. Unfavorable site conditions for seedling establishment and survival were obvious for early successional species so these species would disappear in the future forest. Hence, our results indicated the forest in this study was close to the late successional stage of subtropical evergreen broadleaved forests and the dominant evergreen broadleaved species would be consolidated in the forest if no high intensity disturbances occurred.
Implications of Spatial Patterns and Associations for Species Assembly
The findings of aggregated spatial patterns for the entire stand and dominant species in the forest of this study (Figure 3) are consistent with the reports from species-rich tropical forests [43] , evergreen broadleaved forests in subtropical China [6, 17, 23] , and temperate forests [11] . Aggregated spatial distribution is a widespread pattern in naturally regenerated forests [36, 44] and could be attributed to numerous factors [11, 13] that affect species immigration and extinction [1] . Biotic processes (seed dispersal, regeneration strategy, and competition) [9, 11] and abiotic filter processes (habitat heterogeneity) [30] are considered as the two major driving processes.
Spatial associations between different species and between understory saplings and overstory conspecific species could offer some information about seed dispersal [9, 45] and regeneration strategies [11] of specific species in the forests. The shade-tolerant and late successional species, L. glaber and C. glauca, have strong sprouting abilities [22] and their chestnut seeds are of heavy weight with limited dispersal range [10] . Thus, seedlings and sprouts of L. glaber and C. glauca grew well and were very common in the forest and their understory saplings were positively associated with the overstory parent trees on a fine scale lower than 1 m (Figure 5a,b) . With regard to early successional and light-demanding species, P. massonina has wind-dispersed seeds while C. axillaris has heavy berry seeds with predation-dependent dispersal strategies. Their shade-intolerant seedlings could not survive in the understory, therefore, fewer understory saplings of C. axillaris were found and were positively associated with the overstory parent trees. The shrub species C. japonica grew well in the midstory and understory, and showed a greater aggregation intensity than other dominant species. The aggregated spatial pattern resulted from their limited dispersal capacity resisted by high neighborhood trees.
Changes in aggregation intensity between vertical layers are survival strategies or adaptation mechanisms of a population. Large trees usually reduce aggregation intensity to obtain adequate resources from the environment and to ensure a species distribution in suitable habitat [46] . Previous studies found that different species could establish themselves and survive in different habitats, which depended on many factors such as heterogeneous light distribution [21] and soil and topographic variation [44] . P. massonina and C. axillaris are light-demanding species. Young individuals of these species can only survive if seeds are distributed in gaps; therefore, light resource plays an important role in these species assembly. In contrast, light is not an obvious limiting factor for other species that were related with topographic and soil factors. For example, L. glaber and C. glauca showed obvious habitat preferences and a greater tendency to aggregate in suitable habitat during the mature stage by means of habitat filtering. Generally, spatial distribution patterns are primarily affected by the functional traits of a species on a small scale, while habitat heterogeneity is considered to be the most likely explanation for larger scales [47] .
Relative Contribution of Topography and Soil
Quantitative RDA analysis in this study supported the widely accepted findings that topography and soil affected species composition and spatial distribution [48] . Our results showed that topographic and soil variables could explain 28.1% and 29.9% of spatial distribution of entire stands and dominant species, respectively. Species were aggregated along environmental gradients due to habitat preference [14] . However, the effects of topography and soil differed among vertical layers. In this study, the contribution of topography and soil decreased from the understory to the overstory, and only soil explained more variation regarding the midstory individuals of dominant species. In terms of dominant species, AP was the critical soil variable, while TN was the only significantly positive correlation with the distribution of overstory species. Both topography and soil together, topography as well as pure topography contributed the most to the understory individuals and dominant species in the stands. Species were affected by certain limiting environmental factors across life stages and only certain individuals could access the overstory layer, suggesting that habitats had filtering effects on species distribution in the forests [48] .
Furthermore, topographic variables explained more variation than soil variables for each layer of the entire stand and dominant species, except for the overstory in the stand. This result was identically scaled (10 m) with the Dinghushan Nature Reserve evergreen broadleaved forest [48] . At least 53.4% of contribution of total topography and soil came from their joint effects, with the exception of 36.1%
for dominant species overstory variation, indicating that topography affects spatial distribution of soil moisture [14] and nutrients [15] , and that topographically structured soil is crucial for plants. Our results showed that L. glaber prefers to grow in the position of high elevation and convex slope with high TK concentration whereas C. glauca prefers to gather in the position of high slope with high AP concentration (Figure 7) . Meanwhile, elevation, slope position, and convexity affect soil drainage, soil depth, and nutrient concentrations. Thus, variation in topography and soil provide suitable conditions for different species; this is the basis for the mechanism of niche differentiation [44] .
In this study, unexplained variances occurred more than 70%, indicating that habitat heterogeneity does not have a decisive influence on species assembly. Other non-correlated associations with measured habitat spatial aggregation processes may affect species assembly. Some underlying variations in biotic processes have been overlooked; these include shade-tolerance, species regeneration strategy, and some unmeasured environmental variables (e.g., light resources), which emphasize the importance of processes in niche areas [49] . Alternatively, it could be the result of pure spatial variation, such as dispersal limitation and other stochastic processes that are more associated with neutral processes [50] .
Conclusions
The community investigated was a stable structured uneven-aged, multi-species forest with a known good regeneration capacity. Aggregated spatial distribution was the dominant pattern, and independent associations were the primary relationship between dominant species or overstory and understory individuals of conspecific species. Topographic and soil variables played different roles at different vertical layers, and critical environmental variables varied among vertical layers, indicating that habitats have filtering effects on species assembly. Multiple processes affect species distribution, and further non-correlation with habitat spatial aggregation processes, such as shade-tolerance, regeneration strategy, and seed dispersal limitation of a species, have more influence than habitat heterogeneity. This information concerning species assembly in a Chinese subtropical evergreen broadleaved forest could help decision-makers to design appropriate strategies for forest management and biodiversity conservation. In practice, tree species selection for mixture plantation establishment, suitable site arrangement for target species planting, and selective thinning for natural regeneration are essential for sustainable forest management based on close-nature forest management conception.
